A procedure is described and evaluated that allows the calculation of linear temperature-programmed retention indices from accurate Kovats retention indices on a given stationary phase and their temperature variation coefficients. The influence of experimental factors such as column film thickness, phase ratio and variation of Kovats retention indices, column dead time and carrier gas flow-rates are examined. The calculation accuracies are 10.5 retention index units in most instances. The applicability and limitations of the procedure are discussed.
INTRODUCTION
Large numbers of isothermal gas chromatographic retention data have been published as Kovats retention indices. The use of Kovats retention indices has a great advantage over relative retention times, retention volumes or capacity ratios in that they are independent of the film thickness, column dimensions and phase ratio. Owing to the advances in column technology, highly reproducible (expressed as Kovats' indices) columns are commercially available for non-polar and some polar stationary phases.
The prediction or calculation of linear temperature-programmed retention indices (LTPRI) from isothermal data has been explored in the pastim6 and different approaches were proposed and evaluated. Owing to the difference between the LTPRI and Kovats systems in the definition of retention index, the correct way to convert isothermal retention data to LTPRI is through the thermodynamic parameters of components as established by Curvers et al. ' . It is feasible in theory to transfer the isothermal data (capacity ratios or Kovats retention indices) in terms of entropy and enthalpy of each component from one column to another for columns with the same stationary phase but different dimensions. However, in practice, this is not as easy as it may seem. The entropy term [exp(dS/R)//?] is dependent on the phase ratio (p) and is difficult to determine accurately owing to the uncertainty in the measurement of the phase ratio. It has been observed experimentally that the enthalpy terms are also 0021 -9673/89/$03.50 0 1989 Elsevier Science Publishers B.V dependent on the phase ratio'. Some of them are unexpectedly large, whereas theoretically they should remain constant. The objectives of the study reported here were (a) direct utilization of Kovats retention indices, either measured or published, for calculating LTPRI; and (b) to find a means of eliminating the necessity to determine the film thickness or phase ratio and the corresponding changes in entropy and enthalpy.
THEORY

Calculation
For a given component i at a given temperature T, the Kovats retention index is I(i) = 100~ + 100. log t;(i) -log t&(z) log tk(z + 1) -log tk(z) (1) (2) One should bear in mind that all variables in eqns. l-3 are temperature dependent. To make it explicit, k(i,T) is used instead of k(i) in the following equations.
Substitution of tk(i)/tk(r') = k(i)/k(j)
Using the well known equation
, together with eqn. 3, we obtain the desired equations:
lnk(i,T,)-lnk(i,T2)](&)
and
where T can be T1 or T,.
Apart from the Kovats retention index of components at two temperatures, the only additional information needed for the calculation of the entropy and enthalpy terms is the adjusted retention time (or capacity ratio) of n-alkanes measured at two corresponding temperatures on the column used for analysis. Subsequent calculations of the temperature-programmed retention temperature or retention time of each component use the well detined relationship' (7) Van den Do01 and Kratz's' definition of the LTPRI is used in the final calculation.
EXPERIMENTAL
A Model 5790A gas chromatograph (Hewlett-Packard, Avondale, PA, U.S.A.) equipped with an HP 7672A auto-sampler was used for column testing. The instrument was provided with a two-point temperature calibration at 130.0 and 32O.O"C. The temperature control was better than O.l"C. An external high-precision pressure gauge was installed to allow pressure readings of 0.001 bar. An HP Model 3388 computer integrator was used for data handling.
A Mega Series 5300 gas chromatograph (Carlo Erba, Milan, Italy) was used for testing squalane columns. An external quartz thermometer (Type 2801, HewlettPackard) was used to correct the oven temperature under isothermal operation. A Spectra-Physics (Santa Clara, CA, U.S.A.) SP4290 integrator was used for data handling.
Four different cross-linked columns were randomly selected from the Ultra Performance series of Hewlett-Packard and two from Chrompack (Middelburg, The Netherlands). Their characteristics are given in Table I .
Helium was used as the carrier gas. The septum-flush flow-rate was 15 ml/min; the splitting ratio was set at 1: 100 for the HP 5790A and 1:200 for the Mega Series 5300 instruments.The temperatures of the injection port and detector block were set at 250°C for the HP 5790A and 200°C for the Mega Series 5300 instruments.
Samples containing hydrocarbons, aromatics, ketones, esters and alcohols were used with both non-polar and weakly polar columns. AT-class microcomputers with math coprocessors were used for all computations. Software was written in Quick-Basic (Micro-Soft). 
RESULTS AND DISCUSSION
The reliability of the calculated LTPRI is influenced by several factors, viz., AH/RT, AS/R, /I, t,(T) and the accuracy of the isothermal data used for the calculation; for clarity, we discuss them separately.
Temperature dependence of entropy and enthalpy terms
As both the entropy and enthalpy terms (cJ, eqns. 5 and 6) are temperature dependent, their values determined according to the procedure used in refs. l-3 and the approach proposed in this paper are actually average values between the two temperatures of the isothermal measurements. The values of both terms depend not only on the temperatures of the isothermal measurements, but also on the difference between the two temperatures. When the elution temperature of a component is much higher than the upper isothermal measurement temperature, the term cl/pexp[ -AH/(RT)] will be smaller than it should be (c$, data in ref. 1, Table 3 ) and the calculated T, will be lower than the experimental value. Therefore, the optimum temperatures for measuring the isothermal retention indices should be selected as discussed by Curvers et al.', in order to obtain a better fit with the calculated and experimental LTPRIs.
The influence of the selected isothermal temperatures on the calculated LTPRI is different in both concepts. The retention temperatures ofcomponents and the adjacent n-alkanes are calculated using entropy and enthalpy terms obtained under identical conditions. In our approach, this is accomplished by using (a) the Kovats retention indices at two isothermal temperatures (which are known to have very good column-to-column reproducibility) and (b) the adjusted retention times of n-alkanes at two corresponding isothermal temperatures measured on the column to be used.
Systematic errors are partially cancelled in the calculation of LTPRI, because the shifts of the calculated T, for a given component and the adjacent n-alkanes are in the same direction and of a similar magnitude. A comparison of calculated and measured LTPRIs is presented in Tables II-V for four columns differing either in stationary phase or film thickness, with different programming rates. The differences between the measured and calculated retention indices are within 0.5 retention index units (i.u.) in all instances, except for I-butanol, for which there is a non-linear relationship between In k and l/T. Note that the elution temperatures of some components (in the bottom parts of Tables III and IV at a programming rate of 8"C/min) are much higher than the temperatures in the isothermal measurements, and these do not cause an additional error in the calculated LTPRI. Unlike in the former approach', the choice of temperature in isothermal measurements is not so critical with the procedure presented here. Considering both the analysis time and the accuracy of the measurement, a capacity ratio (k') between 0.5 and 30 should be satisfactory. The temperature difference between the two measurements should be as large as possible.
Effect qf.film thickness and phase ratio
The entropy and enthalpy terms of some components on columns 2 and 4 are given in Table VI . The values were calculated using tabulated Kovats retention indices measured on column 2 at two temperatures and the adjusted retention times of n-alkanes obtained from two isothermal runs for each column. The agreement of the Table VI ). The deviation from theory could be the result of inaccurate values of the phase ratio or the strong surface effect on the stationary phase. The latter causes the properties of a coated stationary phase to deviate from that of the bulk system, and the entropy and enthalpy of a component to depend on the film thickness. In either instance, it is possible to correct this ratio based on the entropy terms of a known component measured on both columns, without the need to know the absolute values of the phase ratios or the degree of the surface effect. With this correction, the Curvers et al. concept '2' is still valid if the enthalpy terms are constant. The data in Table VI showed that the enthalpy terms on the two columns were not consistent. Their differences are about 4% on average, which alone could generate at least a 30 i.u. difference in calculated LTPRIs if the enthalpy terms are taken as the basic data. The film thickness dependence of the enthalpy term invalidates the attempt to transfer the entropy and enthalpy terms from one column to another as proposed by Curvers et al. ' .
The procedure described here corrects the variations in film thickness, phase ratio or the surface effect of the phase through measurements on n-alkanes under isothermal conditions, without the need to know them. The retention times of n-alkanes together with the Kovats retention indices are used to calculate the entropy and enthalpy terms of each component on the column to be used for analysis. It is as if all the components were measured on this column with this procedure, when the reproducibility of Kovats retention indices of different columns can be guaranteed. Note that some components, which have larger dZ/dT values (e.g., benzene and cyclohexane; cf., Table V) show slightly larger deviations between the calculated and mean real LTPRIs at higher programming rates for column 4. The probable reason is that the average programming rate is smaller than expected, owing to bundling of the column coils. For all other columns the coils were regularly distributed in single layers on a light metal frame. The coils at the inner side of the bundle cannot follow the set programming rate. Obviously this deviation of the actual column temperature from the set value will have a larger effect on components with a high dZ/dT.
Effect of variation of Kovcits retention indices
As isothermal retention indices are used as the basic data for the calculation of LTPRTs, their variation between different columns will certainly have an influence on the LTPRIs. We studied this effect by varying the Kovats retention indices by f0.5 i.u., which is an acceptable simulation of the real situation. The results in Table VII show that the error of calculated LTPRIs and the deviation of the Kovats retention indices used for the calculation are of the same order of magnitude or even less.
Effect of variation of column dead time
The column dead time reflects the integrated effects of column length and flow-rate. It has to be taken into account in the calculation of the elution temperature, T,, in temperature-programmed gas chromatography (cJ, eqn. 7). The column dead time, to, is cancelled in the calculation of LTPRI when measured data are used. In the calculation of T,, however, such a process is simulated, and the dead time to( Tj will certainly affect the T, value. As the same dead time to( 2") is used for the calculation of the elution temperature of the components for a given programmed run, systematic errors in t,,(T) can also be partly cancelled in the calculation of LTPRIs. From this point of view, some variation of to( r) is acceptable. The to values under isothermal conditions are involved in the calculation of the adjusted retention times or capacity ratios of n-alkanes, and have a direct influence on the values of the entropy and enthalpy terms.
In this study, methane was used as the dead-time marker, not because it can give the best accuracy in to measurements, but because most of the published data were measured using the retention time of methane as t o. The consistency in choosing the marker will improve the accuracy of the calculated LTPRIs, particularly for earlier eluting components. This is illustrated in Table VIII , where LTPRIs were calculated using measured and extrapolated dead times on two different columns. For components having a retention index above 600 no significant differences were observed for the two methods.
Influence of carrier flow-rate or inlet pressure
For well deactivated columns and a sample amount far below the maximum capacity of the column, the entropy and enthalpy terms are expected to be independent of carrier gas flow-rate or inlet pressure under normal operating conditions, particularly when helium is used as the carrier gas and the inlet pressure is lower than 2 bar. For unknown reasons, the entropy and enthalpy terms are also affected by the flow-rate or pressure drop, as shown in Table IX . The data were calculated using measured Kovats retention indices and adjusted retention times of n-alkanes at corresponding isothermal temperatures at different inlet pressures. The effects of about a 1.5% variation in the entropy and enthalpy terms on the calculated LTPRI is shown in Table X . By comparison of these values with the results in Table IX, the error in the calculated LTPRIs caused only by the different flow-rate or inlet pressure can be calculated when the entropy and enthalpy terms are used as the basic data. These effects are avoided when using the procedure proposed in this paper. The results for both measured and calculated LTPRIs for two different columns at two different flow-rates or inlet pressures are given in Table XI and also Tables TIT and IV. The error was less than 0.4 i.u. for all the components tested, except the first 
CONCLUSION
For a given stationary phase and a given component at a given temperature, the entropy and enthalpy terms vary according to the film thickness or phase ratio, and even the carrier gas flow-rate or inlet pressure. The procedure proposed here utilizes the Kovats retention index, which represents the common properties of a given stationary phase for each component, and the adjusted retention time or capacity ratio of n-alkanes, which represents the characteristics of each column. When the reproducibility of the Kovats retention index can be guaranteed, combining these two features (using eqns. 5 and 6) is equivalent to measuring all the components on the particular column. This is why the calculated LTPRI fits the experimental results so well. This procedure can easily be used for interactive database compound identification in linear temperature programmed capillary gas chromatography.
